Objective: To compare starch digestibility from a maize-soy blended food with and without extrusion cooking. Design: Resistant starch, soluble and insoluble dietary ®bres were measured in vitro before and after extrusion. Starch digestibility was assessed in 8 volunteers who took, in a randomised order, a test meal with either 100 g extruded (EF) or non-extruded (NEF) blended¯our cooked 15 min at 80 C in 500 ml of water. Setting: Research ward for healthy volunteers.
Introduction
Blended foods prepared by mixing a cereal¯our, usually maize¯our, with soy¯our to get a high protein¯our with a good balance of amino acids are widely used in food aid programs. Worldwide more than 300 000 MT are distributed annually (Combs et al, 1994) . Usually, these¯ours are pre-cooked by extrusion both to require a lower cooking time before consumption and to improve shelf life.
The effectiveness of blended food distribution programs has been questioned for years (Beaton & Ghassemi, 1982) . Recently, a high energy milk with added vitamins and minerals (F100) was used with increasing frequency in relief operations (Briend & Golden, 1993) . Malnourished children fed F100 have high weight gains which cannot be achieved with blended¯ours (Golden, 1997) . Attempts to replace milk products with blended¯ours also led to poor results in terms of mortality (Brewster et al, 1997) . These observations are not clearly understood. This study examined whether extrusion cooking used for preparing these blended foods may induce changes in carbohydrate digestibility. First, resistant starches were measured in vitro along with soluble and insoluble ®bres contents in the¯ours before and after extrusion. We then compared in vivo absorption, fermentation and satiety in healthy adult volunteers eating non-extruded and extruded¯ours.
Subjects and methods

Flours
Non-extruded and extruded corn and soy¯ours (NEF and EF) were provided from Soy Afric factory (Nairobi, Kenya). NEF mixed¯our was composed with 77% of full grain corn¯our and 23% of full grain soy¯our corresponding to 67%, 18%, 15% of total energy from carbohydrates, fats and proteins respectively. EF was made from NEF which went through a mono-screw extruder (INSTA-PRO 2000R) in the following conditions: temperature from 121 C to 148 C, screw speed of 550 rpm, residence time about 30 s and addition of water up to a total content of 21%.
In vitro analysis
Total starch, resistant starch, soluble and insoluble ®bres amounts were determined on the NEF and EF¯ours. Total starch content was measured by an enzymatic hydrolysis method (Faisant et al, 1995) . Resistant starch (RS) determination was done with the technique described by Englyst et al (1992) . RS was the starch fraction not hydrolysed by incubation with a-amylase. Hydrolysis products were extracted in 80% ethanol and discarded. RS was then solubilised with 2N KOH and hydrolysed with amyloglucosidase. Free glucose was ®nally analysed using glucose oxidaseaperoxidase reagent. Soluble and insoluble ®bres contents were measured by the AOC method (Prosky et al, 1988) . Results are expressed as the mean of two measures per sample.
Porridge preparation
Porridges were prepared with 100 g of¯our, either NEF or EF, cooked in 500 ml of water during 15 min, at 80 C under stirring. After cooking, 10 g of sugar were added to improve the taste. Porridges were cooled down for 5 min and then eaten by volunteers within 10 min. Subjects 8 healthy volunteers (4 females and 4 males) with a mean age of 28 y (range 19 ± 43 y) were included in this study. Their mean weight was 62.5 kg (range 53 ± 75 kg) and mean body mass index was 21.1 kgam 2 (19.6 ± 23.3 kgam 2 ). None consumed a special diet, had a history of gastrointestinal diseases or had a recent treatment with antibiotics that could affect the colonic micro¯ora. Two subjects were methane producers as de®ned by breath CH 4 concentrations above at least 2 ppm over ambient air after the test meals consumption.
During the 3 d preceding every test meal, subjects were asked to avoid alcohol consumption and intense physical exercise. All subjects gave written informed consent before inclusion in the protocol. The protocol was approved by the Lariboisie Áre ± Fernand ± Widal ± Saint ± Lazare Hospital Ethics Committee.
In vivo study Subjects took part in two 12 h study periods, one for NEF, the other for EF, both prepared with naturally 13 C-enriched corn¯our. Study periods were one week apart. The order of the NEF and EF study periods was randomly chosen for each subject. The day before the test periods, subjects had a low ®bre dinner made of 300 g of boiled white rice, 100 g of steak and one orange. Subjects were not allowed to smoke and to have intense exercise during the whole day. After a 15 min rest, basal respiratory exchanges were measured. At 8:30 am, subjects consumed either the NEF or EF based porridge within 10 min. Breath was sampled and respiratory exchanges were measured hourly for 8 h. At the end of this period (4:30 pm), subjects consumed a lowresidue standard meal (100 g steak, 200 g boiled rice, 1 orange). Breath samples continued to be taken hourly until the 12th hour (8:30 pm).
At sampling times, an end-expiratory breath sample for H 2 and CH 4 analysis was collected into a 50 mL syringe with a modi®ed Haldane-Priestley tube. Subjects also blew into a 0.8 L bag (Quintron) and three 10 mL aliquots were later drawn from the bag for 13 CO 2 analysis. Rate of respiratory CO 2 exchange was measured for 30 min under a ventilated hood connected to an open-circuit indirect calorimeter (Deltratrac, DATEX). Subjective satiety ratings were obtained before the test meal and then hourly during 8 h with a visual rating scale ranging from 7 3, for extreme hunger to 3 for extreme satiety (Holt et al, 1992) .
Analytic methods
Exhaled hydrogen and methane were measured by gas chromatography (Microylser model DP; Quintron, Wilwaukee). Exhaled 13 CO 2 was measured by gas chromatography interfaced with an isotope ratio mass spectrometer (GC-IRMS) (Guilluy et al, 1991) . The measured d13C was transformed to 13 C atom percent (AP) with the formula (Normand et al, 1992) :
where R is the ratio of 13 C to 12 C of the international standard Pee Dee Belemnite (PDB) (R 0.0112372) and d13C the value of the sample. The calculated AP was then transformed into the AP excess (APE) with the following formula:
where APs is the sample AP and AP B is the basal value (before ingestion). Finally, the rate of 13 CO 2 excreted in breath was calculated by multiplying the APE by the rate of carbon dioxide production (VCO 2 , in Lamin) at each time point.
Statistical analysis
Results were expressed as mean AE s.e.m. Area under the curves (AUC) for 8 h or 12 h were calculated as the difference between the integrated area of the response curve and the rectangular area determined by the basal values. AUCs for the two test meals were compared with the non-parametric Wilcoxon test. SPSS statistical software (version 7.5) was used for analysis.
Results
In vitro study
Total starch was slightly lower in NEF compared to EF (49.7 compared to 55.5% dw respectively). RS was reduced to 1.1% dw for EF compared to 5.4% dw for NEF. Soluble and insoluble ®bres were slightly reduced by extrusion. Soluble ®bres were 0.4% dw in EF compared to 0.6% dw in NEF and insoluble ®bres were 10.4% dw for EF compared to 13.3% dw for NEF.
In vivo study 13 CO 2 breath excretion increased after ingestion of both meals and reached its peak level after 4 h (Figure 1 ). Excreted 13 CO 2 over the 8 h following the meal consumption was not signi®cantly different between NEF and EF porridges (AUC, NEF: 9.1 AE 0.5, EF: 10.3 AE 1.3 mmol 13 CO 2 amin). H 2 excretion increased after both meals and were higher than 5 ppm after 5 h for EF meal and after 8 h for NEF meal (Figure 2) . The peak of H 2 excretion occurred after 8:30 am for both NEF and EF and decreased to reach basal values after 12 h. Total 12 h excretion of H 2 expressed in mL was signi®cantly higher with EF compared to NEF (AUC, NEF: 14.1 AE 4.7 vs EF: 26.9 AE 5.6 mL; P`0.05). Satiety sensation increased just after meal consumption to reach its peak level after 1 h. Satiety came back Starch digestibility of a blended food S Me Âance et al to its fasting level 8 h following the consumption of both meals (Figure 3) . The 8 h AUCs of satiety sensation was higher with EF than for NEF (AUC, NEF: 10.0 AE 2.1 vs EF: 12.6 AE 1.6), but this difference had a borderline signi®cance level (P 0.06).
Discussion
Our data showed that blended¯our cooked by extrusion contained less RS and ®bres measured by in vitro methods. However extrusion did not seem to improve starch digestibility in healthy subjects and resulted in an increased colonic fermentation as well as an increased satiety, following meal consumption.
This study was done on one sample of blended food prepared from whole maize and soy grains with and without extrusion. It is not known whether these results would be obtained with other types of blended¯ours, especially with a lower ®bre content.
RS in the crude¯our can be represented by starches, protected by a physical barrier formed by ®bres of the cellular matrix inaccessible to digestion by enzymes (Wu Èrsch et al, 1986) . RS may also be represented by native uncooked granules of starch, such as raw potato or banana starches, whose crystallinity makes them less susceptibile to hydrolysis (Englyst & Cummings, 1990; Faisant et al, 1995) . Continuous high-temperature shorttime extrusion cooking induces starch gelatinisation, in part explained by mechanistic pressure that destroys the barrier formed by ®bres and facilitates the accessibility to enzymatic activity (Mercier, 1993) . However, in some cases, when extrusion occurs in extreme conditions, some starch modi®cations altering their digestibility may also occur. In starches with high amylose content, crystalline structures identi®ed as amylose-lipid complexes with a low susceptibility to a-amylase hydrolysis may appear (Mercier et al, 1980) . Moreover, cooling at low or room temperature after extrusion may also lead to some starch retrogradation characterised by a reassociation of amylose that leads to a semicrystalline structure resistant to ileal digestion (Molis et al, 1992) . Our in vitro results suggest that condition during extrusion and the following cooling as practised in a tropical country did not lead to RS formation or in minor proportion compared to increased starch digestibility. 
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In this study, the total amounts of ®bres, soluble and insoluble were decreased by extrusion. Previous studies show that extrusion in moderate conditions had no signi®-cant effect on total ®bres content and described a slight increase in solubleainsoluble ratio, not seen here (Bjo Èrck et al, 1984) , suggesting that following mechanical disruption, some may become more accessible to colonic micro¯ora enzymes and fermentation.
Our data suggest that after the 15 min cooking method for porridge preparation for these¯ours, starch digestibility as represented by 13 CO 2 excretion was comparable for EF and NEF. Cooking for 15 min, as practised in food aid programs, was probably enough to gelatinise starches present in the NEF to be well digested in healthy adult subjects. For both ours, the peak of 13 CO 2 excretion occurring at 4 h, suggested a rapid digestion and probably the same gastric emptying for both meals. However, the similar starch digestibility of EF and NEF reported here may not be extrapolated to malnourished children, who often have an impaired starch digestion (Weaver et al, 1995) .
Glytolitic fermentation of substrates arriving in the colon releases short-chain fatty acids and gases (hydrogen, carbon dioxide and sometimes methane) which are in part excreted in breath and can be used to investigate semi-qualitatively fermentation occurring after a meal consumption (Flourie Â et al, 1988) . The increased hydrogen excretion following consumption of EF was unexpected. The peak of H 2 excretion appearing for both meals 8:30 am after consumption suggested that transit times were similar in both cases, this peak indicating the entry of the test meal into the caecum (Kagaya et al, 1997; Read et al, 1985) . These observations re¯ect similar transit times as well as kinetic of fermentation for both diets. Difference of H 2 excretion was probably due to different amounts of fermentescible substrates. In vitro study indicated that glycolitic fermentescible substrates, that is RS, soluble plus insoluble ®bres, were lower in EF compared to NEF (11.9 compared to 19.3% dw, respectively). An increased accessibility of ®bre to bacterial digestion in the extruded¯ours as previously reported seems plausible (Bjo Èrck et al, 1984) . These results stressed the dif®culties to extrapolate in vitro ®ndings in vivo.
In malnourished children, excessive fermentation may lead to symptomatic response to extruded meal such as atus, bloating or abdominal pain as it has been demonstrated after fructo-oligosaccharide consumption by healthy volunteers (Briet et al, 1995) . On the other hand, shortchain fatty acids represent the major energy substrate for colonocytes and have been shown to have a trophic effect on the altered colonic mucous. Production of short-chain fatty acid in the colon may be bene®cial in case of diarrhoea associated with malnutrition (Roediger, 1986 (Roediger, , 1994 Ramakrishna and Mathan, 1993) .
Substrates produced during fermentation in the colon of undigested carbohydrate may be used for the energy metabolism. The energy produced by these substrates may reach up to 2 kcal per gram (Cummings et al, 1997) . This may increase the total energy intake available during recovery from malnutrition. From our data it is dif®cult to determine whether the energy produced in this way may be clinically relevant.
The increased satiety following EF meal was also unexpected. Since the statistical signi®cance of this difference was borderline, this result needs to be con®rmed by other studies. Fermentiscible substrates as RS or soluble ®bres are recommended in weight reducing diets, having been shown to have an effect on energy intake in short term (Rigaud et al, 1998) as well as in longer term (Stevens et al, 1987) in healthy subjects. Malnourished children eating pectin ®bres added in their diet showed also reduced caloric intakes and weight gains from 14 gakgad to 7 gakgad (Doherty & Jackson, 1992) . In this study, a reduction of appetite due to a change in ®bre structure and increased colonic fermentation or a mechanical effect seems plausible.
In conclusion, extrusion cooking of blended¯ours for porridge preparation does not seem to present a major advantage in terms of digestibility in healthy subjects. It also suggests that extrusion cooking of high ®bre blended our may increase bacterial fermentation in the colon which may also depress appetite. Further studies in malnourished children are needed to determine whether extrusion is warranted when taking into account its advantages and also its increased costs and potential disadvantages.
